I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

In most severe cases of untreated progressive early onset spinal deformities, respiratory insufficiency and pulmonary and cardiac hypertension can develop (cor pulmonale), characterizing the thoracic insufficiency syndrome (TIS), which can sometimes lead to death.[@ref1][@ref2][@ref3][@ref4]

Rabbits (*Oryctolagus cuniculus*) are widely used for cardiovascular[@ref5][@ref6][@ref7] and other experimental research.[@ref8][@ref9][@ref10][@ref11][@ref12] Through an extensive collection of experimental data, several studies have allowed to determine reference values for rabbits and other laboratory species by investigating the morphology of some organs, the methods of collecting blood samples and analysing biochemical parameters, and several cardiovascular disorders.[@ref13][@ref14]

In this context, investigations can be completed by electrocardiographic and echocardiographic assessments. Electrocardiography and echocardiography are useful non-invasive methods in experimental and clinical settings.[@ref15][@ref16][@ref17][@ref18] Echocardiography can be used for *in vivo* evaluation of cardiac dimensions and performance. Doppler echocardiography provides additional information on cardio-circulatory hemodynamic status.[@ref19] Reference values for various M-mode, flow Doppler, and tissue Doppler echocardiographic parameters have been reported in rabbits in the non-sedated state, as well as during various anesthetic and/or sedative combinations.[@ref17][@ref20][@ref21]

This study aimed at describing the morphological changes in the thoracic cage and spinal column in New Zealand White (NZW) prepubertal rabbits, 6 weeks old, who were subjected to T1-T12 dorsal arthrodesis and were observed at the age of 13.5 months by computed tomography (CT) scan. This was done to investigate the type of cardio-pulmonary involvement, in relation to the changes of the thoracic spine and cage in prepubertal rabbits with non-deformed spine subjected to extended dorsal arthrodesis.

Our hypothesis was that T1-T12 arthrodesis would modify the thoracic cage dimensions at completion of growth, but not cardio-pulmonary function, as evaluated on the basis of blood gas samples and echocardiographic measurements and on the assessment of operated and sham-operated rabbits.

M[ATERIALS AND]{.smallcaps} M[ETHODS]{.smallcaps} {#sec1-2}
=================================================

Animals {#sec2-1}
-------

The study was conducted in 16 female NZW rabbits. Nine rabbits underwent an extra canal dorsal T1-T12 vertebral arthrodesis,[@ref10][@ref11][@ref22][@ref23][@ref24][@ref25] and seven were sham operated. All female rabbits underwent surgery at the age of 6 weeks. Subjects were housed in stainless steel cages in a controlled environment (temperature of 21°C with relative humidity of 40-50%, 10-15 changes of air per hour, and a light/dark cycle of 12/12 hours) and fed a standard pellet diet (2030 Teklad Global Rabbit Diet, Harlan Laboratories, Indianapolis, IN, USA) with water *ad libitum*.

Operative procedures and animal care were performed in compliance with the national and international regulations (Italian regulation D.L.vo 116/1992 and European Union regulation 86/609/EC). The protocol was examined and approved prior to the start of the study by the Director\'s Board of the Department of Life Sciences, Animal Facility, University of Trieste, Trieste, Italy, where this study was performed. The recommendations of the ARRIVE guidelines in animal research were also consulted and considered.[@ref26]

Anesthesia {#sec2-2}
----------

Surgery was performed under general anesthesia (GA) by an intramuscular injection of xylazyne 5 mg/kg (Virbaxil^®^ 2%; Virbac Laboratories, Carros, France) and tiletiletamine-zolazepam 15 mg/kg (Zoletil^®^ 100; Carros, France). Additional skin analgesia was obtained with a subcutaneous injection of 2% lidocaine hydrochloride (1 ml/animal). The postoperative period was eased by a subcutaneous administration of carprofen (Rymadil^®^, Pfizer Animal Health, West Dundee, Great Britain; 5 mg/kg twice a day over 5 days). Prevention of infection in the week following surgery was pursued by an intramuscular injection of enrofloxacil (Baytril^®^ 5%, Bayer Animal Health, Kiel, Germany; 5 mg/kg twice daily).

Operative procedure {#sec2-3}
-------------------

Nine rabbits were operated following a modified "Wisconsin" technique or extra canal dorsal T1-T12 vertebral arthrodesis, corresponding to posterior vertebral arthrodesis in bipeds.[@ref22][@ref23] A midline incision was made between the first and twelfth thoracic vertebrae. Once the muscular plane was reached, the *trapezium*, *latissimus dorsi*, *spinalis* and *longissimus lumborum et thoracis* were symmetrically retracted to allow a wide exposure of the vertebral laminae, spinous and transverse processes and the cranial and caudal facet joints of the thoracic vertebrae.[@ref10][@ref27] Two specifically designed C-shaped stainless steel bars, approximately 120 millimeters (mm) in length and 1.5 mm in diameter, were positioned laterally at the base of the spinous processes of the thoracic vertebrae and fixed with multiple 2/0 non-absorbable wire ligatures \[[Figure 1](#F1){ref-type="fig"}\]. Multiple fragments of heterologous bone graft (Grafton DBM^®^, Osteotech Inc., Eatontown, NJ, USA) were placed on either side of the spinous processes of the thoracic spine to favour fusion \[[Figure 2](#F2){ref-type="fig"}\]. Each operation lasted approximately 50 min.

![Lateral thoracic CT of sham operated (a) and operated rabbits (b-e). The head of the subjects is on the left hand side and the tail is on the right hand side. Evolution of the fusion during 12 months. From partial fusion (b) to completed fusion (e)](IJOrtho-48-184-g001){#F1}

![Histological pictures. Transverse sections. Bars have been removed prior to inclusion. Decalcified bone tissue: Organization around metallic bars used for arthrodesis (a and c). Particulates of the fusion mass (b and d)](IJOrtho-48-184-g002){#F2}

Sham operation {#sec2-4}
--------------

Seven rabbits were sham operated. Access to the operating area was achieved exactly in the same manner as in those undergoing arthrodesis. After lavage with saline solution, the muscular plane and the subcutaneous plane were stitched with 2/0 suture, and the cutaneous plane with 3/0 suture, both absorbable (Vicryl, Ethicon Inc., United States). A sterile dressing was positioned on the surgical wound. To relieve pain, 5 mg/kg of carprofen were administered subcutaneously twice daily over 5 days. Prevention of infection, in the week following surgery, was pursued with an intramuscular injection of 5 mg/kg of enrofloxacin twice daily.

Blood gas analysis {#sec2-5}
------------------

One week before echocardiographic assessments, all animals underwent withdrawing of blood from the central artery of the left ear to obtain blood gas values using the i-STAT Portable Clinical Analyzer (Abbott Diagnostics, Abbott Park, IL, USA). Values of partial pressure of carbon dioxide (PaCO~2~) in mmHg, partial pressure of oxygen (PaO~2~) in mmHg, total carbon dioxide tension (TCO~2~) in mmol/L, bicarbonates (HCO~3-~) in mmol/L, oxygen saturation (saO~2~) and pH were recorded.

Echocardiographic assessment {#sec2-6}
----------------------------

The 16 selected rabbits underwent echocardiographic evaluation at 12 months, when they had reached the age of 13 and a half months. At this age, somatic growth can be considered as fully completed and specifically, the species involved actually reaches skeletal maturity around 7-8 months of age.[@ref27] Furthermore, the weight charts, which were updated and completed throughout the experimentation, show that both operated and sham operated rabbits reach a stable balance in total body weight at that age.

All echocardiographic operations were performed in the room where rabbits were stabulating with the actual advantage of keeping the subjects calm. Echocardiographic evaluation was performed without sedation or anesthesia and with all animals in a nonsedated and semi conscious state. Hair was removed in the right parasternal region of each rabbit. Animals were placed in a specially prepared concave basins made of elastic material, and were kept in lateral decubitus positions. They were calmed throughout the course of the examination by inducing a hypnotic state that favored their restraint during the echocardiographic examination. The animal was first laid in the dorsal decubitus position, then a delicate pressure was exerted on its ears while its eyes were closed with a slight pressure of the hand; the other hand was delicately placed on the abdomen, to maintain the decubitus position; simultaneously, the same word, specifically pippo, was repeatedly whispered in its ears'. The hypnotic state was induced within 3 to 5 min and lasted from 6 to 8 min, which was long enough to easily complete the echocardiographic examination. This approach was totally successful for all 16 subjects.

Examinations were carried out with the My Lab 30 CVX Vision device (Esaote, Florence, Italy). Phased array probes PA230/3.5 Mhz and convex CA123/5 Mhz were used. All echocardiographic acquisitions were made in sinus rhythm and only the right parasternal view of each rabbit\'s hemithorax was imaged echocardiographically.

Echocardiographic values were obtained from standard feline views[@ref28] and measurements in diastole (d) and systole (s) included: Thickness of the interventricular septum (IVSd and IVSs) in millimeters (mm); left ventricular internal diameters in mm (DVS diastolic and DVS systolic); left ventricular free wall in mm (PPVS diastolic and PPVS systolic); contractile capacity of the left ventricle in mm (%FS: Fractional shortening defined as \[100\*(DVSd-DVSs)/DVSd\]) of the left atrium in mm (LA); ejection fraction as a percentage (EF); diameter of the aortic wall (Ao) in mm; and LA/Ao ratio. The following dynamic parameters were also recorded: Maximal aortic outflow velocity (AO Vel~Max~) in meters per second (m/s); maximal aortic outflow pressure gradient (GP Ao~Max~) in mm of mercury (mmHg); maximal pulmonary outflow velocity in m/s (Po Vel~Max~); and maximal pulmonary outflow pressure gradient in mmHg (GP Po~Max~) \[Figures [3](#F3){ref-type="fig"}--[8](#F8){ref-type="fig"}\].

![Echocardiographic image of sham operated rabbit. Right parasternal view, recording B-mode and Doppler values. Left ventricle in the short axis (LV, as VS in the figure)](IJOrtho-48-184-g003){#F3}

![Echocardiographic image of sham operated rabbit. Right parasternal view, recording B-mode and Doppler values. Aorta; (Ao, as AORTA in the figure)](IJOrtho-48-184-g004){#F4}

![Echocardiographic image of sham operated rabbit. Right parasternal view, recording B-mode and Doppler values. Pulmonary artery (Po, as ART POLM in the figure)](IJOrtho-48-184-g005){#F5}

![Echocardiographic image of operated rabbit. Right parasternal view, recording B-mode and Doppler values. Left ventricle in the short axis (LV, as VS in the figure)](IJOrtho-48-184-g006){#F6}

![Echocardiographic image of operated rabbit. Right parasternal view, recording B-mode and Doppler values. Aorta; (Ao, as AORTA in the figure)](IJOrtho-48-184-g007){#F7}

![Echocardiographic image of operated rabbit. Right parasternal view, recording B-mode and Doppler values. Pulmonary artery (Po, as ART POLM in the figure)](IJOrtho-48-184-g008){#F8}

Computed tomography scan measurements {#sec2-7}
-------------------------------------

Thoracic CT scan measurements were performed on a randomly selected sample of 11 rabbits 1 week after echocardiographic examination. We have assumed a usual 1:3 comparison between sham and operated rabbits. Three among seven sham rabbits were randomly selected and one operated rabbit was excluded because of poor quality CT scan measurements. For these reasons, we had a total of 11 CT scan measurements available for analysis (3 sham and 8 operated rabbits).

CT scan examinations were performed with a 16-slice CT scanner (©Aquilion 16, Toshiba Medical System Corporation, Tochigi, Japan). Tomography examinations were carried out in the supine position under GA. Measurements on the CT images were always carried out by the same operator to avoid interobserver error using OsiriX^®^ imaging software, version 3.8.1 (©Antoine Rosset, 2003-2011, Geneva, Switzerland).

Thoracic dimensions {#sec2-8}
-------------------

Chest depth (CD) was calculated from the ventral face of the vertebral body to the dorsal face of the sternum. Chest width (CW) connects the inner faces of two symmetrical ribs, and lies perpendicularly to CD, cutting it in half on the widest point of the thoracic cage. CD and CW calculations were then used to obtain the ThI, expressed by the ratio CD/CW of the thorax. Measurements were performed at T5 level. Thoracic dimensions are expressed in mm.

Thoracic kyphosis {#sec2-9}
-----------------

Thoracic kyphosis (ThK), in degrees, was calculated from the upper border of T3 to the lower border of T10 following Cobb\'s method[@ref29] and its application in clinical[@ref30] and experimental[@ref10] research was used \[[Figure 1](#F1){ref-type="fig"}\].

Sternal length {#sec2-10}
--------------

Sternal length (StL) was calculated in mm from the cranial end of the tracheal cartilage to the caudal end of the xiphoid cartilage. StL was expressed in mm.

Heart and lung removal {#sec2-11}
----------------------

Finally, the anesthetized rabbits were euthanized with a 26 mg/kg intravenous injection of embutramide-mebenzonio-tetracaine (Tanax^®^, Intervet Italia Srl, Peschiera Borromeo, Italy). After death, at the age 13 and a half months when their somatic growth was complete, they were jugulated.

Immediately after euthanasia and jugulation, the heart-lungs complex was removed. Heart and lungs were then weighed separately and their weight was recorded in grams (gr). The volume of heart and lungs was determined by displacement of the equivalent distilled water, with mass and values reported in milliliters (mL). Weight and volume of heart and lungs were obtained from specimens fixed in 10% buffered formalin and were ultimately useful to obtain the corresponding ratios heart/lungs (H/Ls), which were later submitted to statistical analysis.

Some samples of lung, fixed in 10% buffered formalin, were embedded in paraffin and microtome sectioned. Sections measuring 6-8 μm in thickness, were subjected to a routine histological staining technique.

Statistical analysis {#sec2-12}
--------------------

Statistical analysis was performed using the STATA software, version 12 (StataCorp, College Station, TX, USA). Tests were two-sided, with a type I error set at α = 0.05. Continuous data were presented as mean ± standard deviation (SD). The comparisons between operated/sham groups were analyzed using Student\'s *t*-test or Mann − Whitney test (i.e., body weight, echocardiographic measurements, heart volume), with normality verified by the Shapiro-Wilk test and homoscedasticity by the Fisher-Snedecor test. Due to sample size, non-parametric tests were privileged. Mixed models were considered to take into account group as fixed effect and the intra-subject variability with rabbit as random effect (for analyses of CD, CW, ThI, ThK and StL). These models allow to avoid the multiple comparisons on a dependant dataset (for each thoracic vertebrae). Moreover, we did verify that sham (*n* = 3) and operated (*n* = 8) were not significantly different for weight (*P* = 0.84). The same analysis was realized to compare sham rabbits with (*n* = 3) and without (*n* = 4) CT scan measurements (*P* = 0.72) in order to avoid potential confounding bias in the analysis of CT scan measurements data.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

[Table 1](#T1){ref-type="table"} shows the mean values of partial pressure of carbon dioxide (PaCO~2~) in mmHg, partial pressure of oxygen (PaO~2~) in mmHg, total carbon dioxide tension (TCO~2~) in mmol/L, bicarbonates (HCO~3-~) in mmol/L, oxygen saturation (saO~2~) as a percentage and pH. There is no significant difference in the values of operated and sham-operated animals (*P* \> 0.05).

###### 

Mean values of partial pressure of carbon dioxide (PaCO~2~) in mmHg, partial pressure of oxygen (PaO~2~) in mmHg, total carbon dioxide tension (TCO~2~) in mmol/L, bicarbonates (HCO~3~.) in mmol/L, oxygen saturation (saO~2~) and pH

![](IJOrtho-48-184-g009)

All echocardiographic measurements (M-mode, 2D, Doppler echocardiography) were easily recorded with all rabbits in the non-sedated state. [Table 2](#T2){ref-type="table"} provides mean values ± standard deviation (SD) of echocardiographic parameters for operated and sham-operated rabbits. Values are not significantly different between the two groups (*P* \> 0.05), except for %FS (*P* = 0.04). Moreover, these echocardiographic measurements were found to be significantly higher compared to those previously reported in anesthetized healthy rabbits, except for %FS and EF \[[Table 3](#T3){ref-type="table"}\].[@ref17][@ref18]

###### 

Mean values±standard deviation of echocardiographic parameters for operated and sham-operated rabbits

![](IJOrtho-48-184-g010)

###### 

Comparison of M-mode and doppler echocardiographic values in operated rabbits *versus* reported reference values

![](IJOrtho-48-184-g011)

Mean values ± SD of CD, CW, ThI, ThK, and StL are provided in [Table 4](#T4){ref-type="table"}. These values demonstrate the existence of two different types of chest shape 12 months after surgery. CD (*P* = 0.02), ThK (=0.01), and StL (*P* = 0.02) were reduced in operated subjects compared to sham-operated rabbits. ThI was lower in operated rabbits compared to sham-operated subjects, and it was significantly different (*P* \< 0.001). In contrast, CW did not show any statistically significant difference (*P* = 0.26).

###### 

Mean values±SD of chest depth, chest width, thoracic index, thoracic kyphosis and sternal length

![](IJOrtho-48-184-g012)

At 12 months after surgery, mean body weight was 5353 ± 497 gr (range, 4807 to 6200) in operated and 5266 ± 703 gr (range, 4440 to 6102) in sham-operated animals: At this time, the two groups of rabbits had nearly identical body weight and showed no significant differences (*P* = 0.87).

After removal of the heart-lung complex, the mean heart weight was 10 ± 1.6 gr (range, 7.2 to 11.5) in operated animals and 10.5 ± 1.4 gr (range, 8.6 to 12.1) in sham-operated rabbits. Mean heart volume was 9.3 ± 1.8 mL (range, 6.4 to 11.9) in operated and 10 ± 2.5 mL (range, 6.7 to 13.4) in sham-operated rabbits. Mean lung weight was 18.6 ± 2.9 gr (range, 14.3 to 22.6) in operated and 17.5 ± 2.7 gr (range, 14.8 to 22) in sham-operated subjects. Mean lungs volume was 21.1 ± 4.7 mL (range, 16 to 29.5) in operated and 19.2 ± 3.1 mL (range, 15.7 to 23.5) in sham-operated animals. The compared values above are not homogenous and need not to be taken into consideration, given the disparity of some single values of heart and lung parameters depending on the specific total body weight. Whereas, the most reliable comparison among the corresponding ratios heart (H)/lungs (Ls) of operated and sham-operated does not highlight significant differences. However, H/Ls volume ratio showed 10% of reduction in operated (0.52 ± 0.13) when compared with the sham operated (0.62 ± 0.12) (*P* = 0.14).

Histological observations of the lungs highlight pathological specific involvements, such as atelectasics, congested and interstitial patterns, equally distributed between operated and sham operated. Such cases are not investigated for possible differences between operated and sham operated, because such evidence may be possible in the rabbits, as outlined in veterinary anatomical pathology.[@ref31]

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

The main finding of our study was that T1-T12 arthrodesis would modify some thoracic cage dimensions at completion of growth, but not modify cardio-pulmonary function, as from evaluations based on blood gas samples and H/Ls and echocardiographic measurements.

Overall, the thoracic cage of operated rabbits grew less than that of sham operated animals. Although mean CD, ThK, ThI and StL were reduced in operated rabbits, the irregular chest growth did not alter echocardiographic values. Operated rabbits showed a tendency to have greater PO~2~ reduction and PCO~2~ increase compared to sham operated ones, thus highlighting a possible modification of gas exchanges. Those growth irregularities did not alter blood and echocardiographic parameters. Furthermore, %SF was significantly higher in operated rabbits. Similarly, the ratio H/Ls did not show statistical differences eventhough H/Ls volume ratio showed 10% of reduction in operated rabbits.

Rabbits can be used for cardiovascular, orthopaedic, and other experimental research, mainly as they are small yet large enough to allow physiological, medical, and surgical procedures.[@ref9][@ref10][@ref12][@ref20][@ref32][@ref33][@ref34][@ref35][@ref36]

Data concerning echocardiography in rabbits and other animals under sedation, anesthesia, or in non-sedated state are currently available. Some of those studies suggested the need for sedation or anesthesia to allow the ultrasonographer to obtain adequate two-dimensional, M-mode, flow Doppler and tissue Doppler images for quantitative measurements[@ref17] \[Figures [3](#F3){ref-type="fig"}--[8](#F8){ref-type="fig"}\]. Dupras *et al*. found that mean arterial pressure and CO~2~ arterial pressure were reduced after ketamine-midazolam-xylazine and tiletiletamine-zolazepam-zylazine anesthesia.[@ref36] More recently, Fontes-Sousa *et al*. demonstrated that when sedated with a combination of ketamine and midazolam rabbits had a tendency to have an increased heart rate.[@ref17][@ref20] Our study shows that adequate echocardiographic images in non-sedated rabbits could be obtained at 12 months after T1-T12 dorsal arthrodesis \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\] and values for two-dimensional, M-mode and spectral Doppler echocardiographic parameters \[Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}\] were found to be significantly reduced compared to those reported previously in anesthetized rabbits.[@ref20][@ref32]

Rabbits were housed in stainless steel cages, in compliance with national and international animal care regulations. However, the size of the cages and the subsequent relative inactivity of the animals may have influenced the clinical picture by limiting the effects of surgery in operated rabbits and by negatively influencing physiological results in sham-operated animals.[@ref17][@ref33][@ref34][@ref35][@ref36]

Moreover, it is possible that chronicity is another factor of some impact; in other words, we had allowed for more than 12 months to pass post-operatively the reported changes we have seen would have progressed even further, potentially enough to show statistical significance.

The irregular growth of vertebral bodies is the basis of a distorted development, both in human bipeds and in quadrupeds. Ottander[@ref37] showed it in pigs, Veliskakis and Levine[@ref38] and Coleman[@ref39] demonstrated it in dogs. Kioschos *et al*., in a skeletally immature dog model confirmed that the presence of dorsal vertebral arthrodesis leads to a significant reduction of dorsal kyphosis, even without implanted material, as a consequence of the ventral growth of vertebral bodies which therefore become asymmetric.[@ref40]

More recently, Canavese *et al*. evaluated the consequences of disturbed growth of vertebral bodies on the development of the ribs, sternum, and lungs.[@ref10][@ref11] They found that experimental fusion in young rabbits performed at the critical T1-T6 segment of the thoracic spine produces hypoplasia of the entire upper thorax, including ribs, sternum, vertebral bodies and lung volume. They concluded that development of the thoracic cage and intra-thoracic organs is a complex process that requires perfect synergy among the various components of the rib-vertebral-sternal complex. Alterations to any of these elements affect and change the development and growth of the others. Therefore, to preserve thoracic motility and permit a normal development of the respiratory tree, treatment should not only focus on the spine but also consider the rib-vertebral-sternal complex as a whole.[@ref10][@ref11][@ref24][@ref25][@ref41]

In humans, untreated progressive early onset spinal deformities have been associated with deformed spine, short trunk, short staure and disproportionate body habitus. The inability of the thorax to ensure normal breathing and the accompanying serious respiratory insufficiency is characterized by the thoracic insufficiency syndrome. This clinical picture can be linked to costo-vertebral malformations, neuromuscular disease, syndromes such as Jeune and Jarcho-Levin, or to 50% fusion of the thoracic spine before the age of.[@ref7][@ref3][@ref4][@ref10][@ref11][@ref24][@ref25][@ref41]

As the spinal deformity progresses, not only spinal growth is affected, but also the size and shape of the thoracic cage are modified. As a "domino effect", the distortion of the thorax will eventually interfere with lung development and cardiac function, leading those children to develop thoracic insufficiency syndrome and cor pulmonale which can be lethal in most severe cases.[@ref3][@ref41]

Karol *et al*. reported that a thoracic spine height of 18 to 22 cm or more is necessary to avoid severe respiratory insufficiency and it is needed for sufficient lung volume development.[@ref4] They showed that children undergoing precocious spinal fusion exhibit reductions in thoracic depth and shorter T1-T12 segments compared to normal subjects. In addition, they proved that high thoracic spinal fusions (T1-T6 segment) in children with early onset spinal deformities resulted in shorter thoracic spine and worse pulmonary function tests than low thoracic spinal fusions (T7-T12 segment). The forced vital capacity may decrease by 50% of the predicted volume if more than 60% of the thoracic spine (eight or more thoracic vertebrae), is fused before eight years of age.[@ref4] In their clinical work, Karol *et al*. confirmed some of the previously published experimental findings.[@ref2][@ref3][@ref4][@ref10][@ref11][@ref24][@ref25][@ref41] However, our results show that a precocious surgery of a non-deformed spine does not induce cardiopulmonary complications as severe as those found in patients with thoracic insufficiency syndrome. These data can be considered as a positive contribution to promoting conservative means of treatment in prepubertal patients to support the expansion of the thoracic cage, lung growth and cardiac function. Although quadrupeds do not develop scoliosis[@ref24][@ref25][@ref37][@ref38][@ref39][@ref41] it is possible that moderate and harmonious experimental chest volume reduction in bipeds should be differentiated from severe and deregulated distortion and deformation of the trunk secondary to spontaneously progressive spinal deformities. Scoliosis remains at the heart of severe chest deformities and it is therotically possible that to develop clinical pictures similar to thoracic insufficiency syndrome a deformed spine and a reduced thoracic spine height must develop progressively and simultaneously.

To conclude, our experimental model does not support the hypothesis that a precocious arthrodesis of a non-deformed spine could be source of cardiopulmonary complications severe enough to reproduce a clinical picture comparable to TIS.
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